Background {#Sec1}
==========

Lowe syndrome (LS) (OMIM \#300535) is a rare genetic disorder (\~ 1/500,000 males) caused by loss of function mutations in the X-linked gene, *OCRL* (*OCRL-1; INPP5F*) \[[@CR1]--[@CR4]\]. It is characterized by the triad of congenital cataracts, neurodevelopmental impairment, and renal proximal tubular dysfunction \[[@CR5]\]. Hypotonia, short stature, epilepsy, and behavioral problems (tantrums and stereotypy \[complex repetitive behaviors\]) are commonly found as well.

*OCRL* codes for a 901 amino acid protein, inositol polyphosphate 5-phosphatase, which is a key factor in endosome recycling and actin polymerization \[[@CR6], [@CR7]\]. A more moderate form of OCRL deficiency known as Dent-2 disease is dominated by the renal manifestations \[[@CR8]\]. OCRL catalyzes the removal of the 5′ phosphate from phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), phosphatidylinositol 1,4,5-trisphosphate, and inositol 1,3,4,5-tetrakisphosphate \[[@CR9]--[@CR11]\].

There is extensive *OCRL* allelic heterogeneity in LS, which is primarily caused by hypomorphic missense mutations that lead to markedly reduced 5-phosphatase activity \[[@CR12]--[@CR14]\]. More than 90% of mutations occur in exons 9--14, and 18--24, which code for the phosphatase and ASH-RhoGAP domains, respectively \[[@CR14], [@CR15]\]. Hypomorphic variants in the ASH-RhoGAP domain affect the recruitment of OCRL to early endosomes by impaired binding to APPL1 and RAB5 \[[@CR7]\]. Approximately 6% of LS cases are caused by deletions affecting the phosphatase domain \[[@CR16], [@CR17]\]. Complete *OCRL* deletions of the gene are rare. Paradoxically, one such deletion resulted in intellectual disability, but no renal disease \[[@CR16]\]. On the other hand, a complete deletion in two other cases resulted in LS \[[@CR18], [@CR19]\]. In addition, Hichri et al. found a Dent disease patient with a frameshift deletion in exons 3 and 4 who did not have intellectual disability or congenital cataracts \[[@CR14]\]. These findings suggest that genetic background and/or compensation by OCRL paralogs, such as *INPP5B*, could affect the clinical presentation of individuals with *OCRL* deficiency. Compensation by *Inpp5b* has been suggested as a possible mechanism for the absence of LS-related clinical phenotypes in the mouse *Ocrl* knockout (KO) model \[[@CR20]\].

The molecular basis of LS has been primarily investigated in fibroblasts and immortalized cell lines (e.g., HeLa; Cos-7 cells). OCRL deficiency impairs the recycling of various receptors by reducing the trafficking of early endosomes to late endosomes \[[@CR6], [@CR7]\]. OCRL interacts with clathrin, and null and hypomorphic mutations lead to impaired clathrin-mediated endocytosis \[[@CR2], [@CR21], [@CR22]\]. This can impair the recycling of various receptors, including megalin, which is responsible for the low molecular weight proteinuria and aminoaciduria seen in LS patients \[[@CR6], [@CR22]\].

So far, the effects of *OCRL* loss of function mutations on neuronal function and the brain have not been adequately investigated, but a few interesting clinical and preclinical findings are emerging. In LS children, delayed myelination, dilated perivascular spaces, and the development of multiple small cystic lesions in deep, periventricular white matter have been observed \[[@CR23]\]. In zebrafish, *ocrl1* deficiency increases the susceptibility to heat-induced seizures, and causes cystic brain lesions and reduced Akt signaling. In addition, there is an increase in apoptosis and reduced proliferation in neural tissue. These effects appear to be due to deficits in clathrin-mediated membrane trafficking \[[@CR24]\]. Mouse models have been developed, but, as noted above, *Ocrl* null mice are asymptomatic \[[@CR20], [@CR25]\].

Although these studies have been instrumental in helping to elucidate the molecular effects of OCRL deficiency and its pathological and clinical consequences in non-neuronal cells, there is a gap in understanding the effects of OCRL deficiency at a cellular level in neurons and, perhaps, other cell types found in the brain. In addition, because of the unique structure of neurons, loss of function *OCRL* mutations could lead to abnormalities and features not seen in non-neuronal cell types, such as neurite outgrowth, axonal transport, and dendritic spine morphology. This can now be addressed using induced pluripotent stem (iPS) cell technology, which is transforming the study of neurodevelopmental and neuropsychiatric disorders through the capacity to produce patient-specific neurons, astrocytes, oligodendrocytes, and microglia \[[@CR26]--[@CR40]\]. In addition, disease modeling using iPS cells can also be accomplished by altering the expression of relevant genes through KO or RNA interference (RNAi), as we and others have done for the autism spectrum disorders (ASD) and schizophrenia (SZ) candidate gene *CHD8* \[[@CR32], [@CR41], [@CR42]\].

We now report preliminary findings on NPCs and neurons derived from iPS cells made from boys with LS and their typically developing siblings, as well as an *OCRL* KO iPS cell line generated from a control line using CRISPR-Cas9 gene editing. A defect in filamentous actin (F-actin) and WAVE-1 formation was found in neuronal cells derived from the patient samples.

Interestingly, in a finding similar to the absence of an observable phenotype in the mouse *Ocrl* KO model, a defect in WAVE-1 expression was not observed in the *OCRL* engineered KO line. This could be due to differences in the expression of OCRL-deficient phenotypes between hypomorphic variants, in which a mutated protein is produced, compared with the complete absence of OCRL protein, the latter of which allows for rescue by a compensatory pathway.

Methods {#Sec2}
=======

Subjects {#Sec3}
--------

The study and consent forms were approved by the Albert Einstein College of Medicine (AECOM). A diagnosis of LS was made during infancy in each patient based on clinical findings, fibroblast OCRL enzyme activity, and ultimately by genotyping.

Development of iPS cells from peripheral blood CD34+ cells {#Sec4}
----------------------------------------------------------

iPS cell lines were generated from human peripheral blood CD34+ cells with a CytoTune-iPS 2.0 Sendai Reprogramming Kit (Invitrogen) following the manufacturer's protocol. Briefly, frozen PBMCs were thawed 2 days before reprogramming (day − 2) and cultured in STIF medium \[[@CR43]\]. On day 0, CD34+ cells were flow-sorted by FACSAria II (bipolar disorder; BD) and transduced with Sendai virus vectors containing Klf4--Oct3/4--Sox2, cMyc, and Klf4 in the presence of 4 μg/mL of polybrene. Three days after transduction, the transduced cells were plated on a Matrigel-coated 24-well plate in StemSpan SFEM medium (STEMCELL Technologies). On day 7, half of the StemSpan SFEM medium was replaced, and on day 8, the culture medium was completely replaced. Thereafter, culture medium was changed every 2 days from days 2--7, then changed daily from day 8. The iPS cell-like clones were picked and passaged by mechanical dissection from day 21 to day 28. FACS analysis of pluripotent markers (SSEA3, SSEA4, TRA-1-60, TRA-1-81), in vitro differentiation and immunohistochemical detection of three germ-layer markers (α-fetoprotein, α-smooth muscle actin and β-III tubulin), RT-PCR assay for virus gene integration, and karyotyping were performed on each iPS cell clone to ensure that integration-free iPS cells with the capacity to differentiate into all three germ layers were generated.

Generating neural progenitor cells (NPCs) and neurons from iPS cells {#Sec5}
--------------------------------------------------------------------

The NPC protocol was adapted from the STEMCELL Technologies, STEMdiff™ Neural Induction Protocol with slight modifications. Briefly, iPS cells were maintained in mTeSR1 with daily feeding until near confluence. At the start of the experiment, differentiated cells were manually removed and the remaining un-differentiated cells were washed with PBS. The cells were incubated with gentle dissociation reagent (Stemcell Tech) for 8--10 min at 37 °C. Cells were dislodged by pipetting with a sterile 1-ml pipet tip (using a P1000 pipet) and collected in a 15-ml tube. The cell culture plate was rinsed with DMEM/F12 and added to the tube containing the cell suspension. Viable cells were treated with Trypan Blue and counted manually using a hemocytometer. Cells were then centrifuged at 300×*g* for 5 min. Supernatant was carefully aspirated, and cell pellet was re-suspended in STEMdiff™ Neural Induction Medium + 10 uM Y-27632 (ROCK inhibitor) Medium + 10 uM Y-27632 (ROCK inhibitor) to obtain a final concentration of 10^6^ cells/ml. Two milliliters of cell suspension were aliquoted into one well of a six-well plate, pre-coated with matrigel. Cells were fed daily for 6--7 days in STEMdiff™ Neural Induction medium without Y-27632. NPCs are ready for passage when cultures are approximately 90% confluent. NPCs are washed with DMEM/F12 and 1 ml of accutase was added to each well for 7 min at 37 °C. Cells were dislodged with a sterile 1-ml pipet tip and collected in a 15 ml tube. The cell culture plate was rinsed with DMEM/F12, and remaining NPCs were transferred to the bulk cell suspension. Viable cells were stained with Trypan Blue and counted using a hemocytometer. Cells were then centrifuged at 300×*g* for 5 min. Supernatant was carefully aspirated, and cell pellet was re-suspended in STEMdiff™ Neural Induction Medium + 10 uM Y-27632. Cells were plated at a density of 1.5 × 10^6^ cells/well in a six-well plate, pre-coated with PORN/Laminin. They were subsequently fed daily with STEMdiff™ Neural Induction Medium without Y-27632. NPCs were induced to differentiate into neurons at passage four.

Once NPCs reached \~ 50% confluence, neural differentiation was initiated by withdrawing FGF2 and adding NBF media supplemented with fresh growth factors as follows: WNT3A (100 ng/ml) (R&D Systems), BDNF (10 ng/ml), GDNF (10 ng/ml), IGF-1 (10 ng/ml) (PeproTech), and cAMP 1 μM (Sigma), as previously described \[[@CR32]\], which produces a heterogeneous mix of glutamatergic neurons and GABAergic neurons.

CRISPR-Cas9 gene editing {#Sec6}
------------------------

The *OCRL* KO line (690KO) was generated from a previously generated control (690C) unrelated to the LS subjects using CRISPR-Cas9 gene editing, as described by Ran et al. \[[@CR44]\]. Guide sequences coding for a region on exon 6 were cloned into the Bbs1 site of pSpCas9n(BB)-2A-Puro (Addgene catalog \#48139) using the guide RNA encoding sequences CACCGTACCAGAAATTAGACACTA (top strand) and AAACTAGTGTCTAATTTCTGGTAC (bottom strand), which were annealed prior to ligation into the linearized plasmid. Human iPS cells from a typically developing control were cultured and fed daily in mTeSR1 (Stem Cell technologies) on Matrigel (BD) coated plates at 37 °C/5% CO~2~/85% in a humidified incubator. Cells were maintained in log phase growth, and differentiated cells were manually removed before starting the experiment. iPS cells were exposed to 10 uM ROCK Inhibitor for \~ 4 h to improve cell survival during nucleofection. After 4 h, growth medium was aspirated and the cells were rinsed with DMEM/F12. iPS cells were dissociated into single cells with accutase and harvested by centrifugation. Nucleofection was performed using the Amaxa-4D Nucleofector Basic Protocol for Human Stem Cells (Lonza) according to the manufacturer's instructions. Briefly, 8 × 10^5^ cells and 5 μg of plasmid were nucleofected using the P3 Primary Cell 4D-Nucleofector X Kit L with program CA-137. Cells were re-suspended in mTeSR1 + 10 uM ROCK Inhibitor and placed in one well of a six-well Matrigel-coated plate. The following day, cells were fed with fresh mTeSR1 and were subsequently fed with fresh medium daily. On days 4--14, cells were exposed to 0.5 μg/ml puromycin for 6 h. Puromycin-resistant colonies were picked and expanded in mTeSR1 without further puromycin treatment. DNA was analyzed to identify clones with frame shift mutations (see below).

DNA and cDNA sequencing {#Sec7}
-----------------------

Total cellular DNA was isolated using Gentra Puregene Blood Kit (Qiagen catalog\# 158445). Total RNA was extracted using miRNeasy Mini Kit (Qiagen, catalog\# 217004) according to the manufacturer's instructions (Qiagen). An additional treatment with DNase1 (Qiagen, Valencia, CA) was included to remove genomic DNA. cDNA for sequencing was generated from RNA by RT-PCR (OneStep RT-PCR Kit, Qiagen, catalog\# 210210 Valencia, CA) (see primers below). Genomic DNA was amplified using Taq DNA Polymerase (Invitrogen, catalog\# 18038--042) using primers that flank the patient-specific and KO alleles (OCRL_LS100/300 for LS100 and LS300; OCRL_LS500 for LS500; OCRL_KO for the CRISPR-engineered line; see below for primer sequences). For the splice junction analysis, cDNA was amplified using exon 22 and exon 24 primers (LS300cDNA), and exon 23 and 24 primers (LS100cDNA). Amplicons were purified using a QIAquick PCR Purification Kit (Qiagen, catalog\# 28104) according to the manufacturer's instructions. DNA and cDNA were sequenced by the standard Sanger dideoxy chain termination method using nested primers (LS100seq, LS300seq), or one of the PCR primers.

Western blotting {#Sec8}
----------------

Proteins were prepared with ProteoExtract Complete Mammalian Proteome Extraction Kit (Millipore cat\# 539779) according to the manufacturer's protocol. Protein concentrations were verified using the Qubit™ Protein Assay kit (Invitrogen cat\#Q33211). Briefly, 20--100 μg of protein were denatured with the addition of Laemmli buffer and 2-mercaptoethanol and boiled for 5 min. Samples were loaded onto a 12% precast polyacrylamide gel (BIO-RAD cat\#456-1044). Gel electrophoresis was set at constant voltage (80 V) for the first 30 min and 200 V for the remainder of the run. The running buffer was in 1X TrisGlycine/SDS buffer. After separation by electrophoresis, proteins were bound to a nitrocellulose membrane (BIO-RAD cat\# 162-0146). Electrophoretic transfer was set at constant voltage (70 V) for 2 h at 4 °C in 1X TrisGlycine buffer containing 20% methanol. After transfer, membranes were blocked in 5% milk with gentle agitation for 1 h at room temperature. Membranes were then incubated overnight with gentle agitation at 4 °C with primary antibody of interest. Following primary antibody incubation, membranes were washed three times with gentle agitation in 1X TBS/T buffer (20 mM Tris Base, 0.136 M NaCl, 0.1% Tween-20). Membranes were then incubated with secondary antibody plus anti-biotin for 1 h at room temperature with gentle agitation. Membranes were washed again, as above, and subsequently incubated with SuperSignal™ West Dura Extended Duration Substrate (Thermo Scientific cat\# 34075) for 5 min at room temperature with gentle agitation. Immediately thereafter, membranes were exposed to blue autoradiograph film for analysis.

Immunocytochemistry (ICC) {#Sec9}
-------------------------

Cells were fixed in 10% buffered formalin phosphate for 10 min at 4 °C, then permeabilized at room temperature for 15 min in 1% Triton X-100 in PBS. Samples were blocked in 1% BSA (10 mg/ml), 5% donkey serum, and 0.1% Triton X-100 for 45 min at room temperature. Samples were then incubated for 1 h at room temperature with primary antibodies. Samples were washed seven times with Rinse Solution (5% donkey serum, 1% BSA; 5 min per wash). Secondary antibodies (Alexa Fluor 488 anti-rabbit, Alexa Fluor 568 anti-mouse, 1:300, Thermo Scientific) were applied for 45 min at room temperature in the dark (excluding F-actin, since conjugated phalloidin:FITC requires no secondary). Each sample was then washed five times with Rinse Solution for 5 min each. Coverslips were applied with ProLong Gold™ antifade reagent with DAPI (cat\# P36931, Invitrogen) and visualized after 24 h.

Neurons were grown on 12-mm coverslips, and NPCs were grown on four-well chamber slides pre-coated with PORN/Laminin. All images were taken with AxioVert 200 M inverted fluorescence microscope equipped with a Plan-Apochromat × 63/1.40 Oil DIC Objective and HBO 100 microscope illumination system. Alexa-Fluor 488 fluorescence was measured with a GFP-470-nm excitation filter/509-nm emission filter. Alexa-Fluor 568 fluorescence was measured with a Rhodamine-540-nm excitation filter/580-nm emission filter. DAPI nuclear stain was observed with a 359-nm excitation filter/461-nm emission filter. Images were acquired with Zeiss AxioCam MR3 camera operating with Zeiss AxioVision FRET software. Brightness and contrast were adjusted with ImageJ software with identical changes for comparing image sets.

Quantification of OCRL and APPL-1 expression at axon/soma junctions was carried out using ImageJ. Single channels from each image were converted into 8-bit greyscale images and equally adjusted to subtract background. Junctions were manually segmented, and total segment fluorescence was recorded. Segment fluorescence was adjusted based on corrected total cellular fluorescence.

Analysis of PI(4,5)P2 and WAVE-1 by quantitative immunocytochemistry (ICC) {#Sec10}
--------------------------------------------------------------------------

PI(4,5)P2 was visualized in both NPCs and neurons using ICC. Images were captured using the same parameters for each channel. Random images (5--10) containing \~ 10 cells were captured from each section. The staining intensity was measured using ImageJ software. The background signals were removed using the thresholding tool. Then, the pixel intensities were measured, and the mean pixel intensity from each image was recorded. The signal was normalized to DAPI (LS samples and siblings) or cyclophilin (690C and 690KO). Statistical analysis of the normalized PI(4,5)P2 levels was determined using the Student's *t* test. A similar analysis was carried out for WAVE-1 in NPCs. All *p* values were two-tailed.

Antibodies {#Sec11}
----------

AntibodyCompanyCatalogue \#DilutionAnti-OCRLProteintech Group17695-1-APWB, 1:200, ICC, 1:50Anti-APPL1OriGeneTA8077681:500Phalloidin:FITCECM BiosciencesPF75011:200Anti-ActinECM BiosciencesAM20211:100Anti-Wave1AbcamAB50356WB, 1:2000; ICC, 1:200Anti-TGN46Sigma-AldrichSAB42003551:100α-FetoproteinR&D SystemsMAB13691:50α-Smooth ActinR&D SystemsMAB14201:50β-III TubulinR&D SystemsMAB11951:50

PCR primers used in this study {#Sec12}
------------------------------

GeneForwardReverseβ2MgctcgcgctactctctctttcaatgtcggatggatgaaacOCRL_LS500cctgcatgaccagaatttgattaaaagcgctatgctgacgOCRLexp-FacaggtcctgcttcccactatggaggtggatgtctaggcaOCRLexp2-FatccacctccagagcaacacgctgtgggaaggagcaatagOCRL_KOagagctgccctcatttcctttgggcctggacttgataaaaLS100cDNAttttcttggaagccctgccatgccataaggttgggtggagLS300cDNAagcgtcaatgccaacatgatcaaggagggattaggaaacgctcOCRL_LS100/300attgtgttggccatgaggagggaggcctcaggagaagact

Sequencing primers {#Sec13}
------------------

LS100seqaatactcttagtgcattgtatcLS300seqtagaagttagacagatgaaatg

Results {#Sec14}
=======

Patient-specific iPS cell lines were developed from three boys with LS and their typically developing male siblings. LS100 is a 17-year-old boy who was delivered vaginally after a 36-week gestation. His mother was 34 years old at the time. Routine maternal alpha-fetoprotein (AFP) testing during pregnancy revealed a marked elevation, which resulted in an amniotic fluid analysis that also showed an increase. Ultrasound in the third trimester showed an excessive accumulation of amniotic fluid (polyhydramnios). At birth, mild hypotonia was noted. At the first postnatal visit, bilateral cataracts were detected, which were removed at 5 and 7 weeks. LS was suspected and confirmed at 10 months of age with an inositol polyphosphate 5-phosphatase OCRL-1 activity assay on fibroblasts (0.54 nmol/min/mg protein \[normal controls were 8.18 and 10.10\]). The child had delayed developmental milestones; he walked at 2 years, used single words at 2, and put together a string of a couple of words at age 3. Early educational intervention was begun in preschool, and the boy was educated in a regular school in a self-contained classroom. He was able to read individual words at age 5. From the ages of 3--7, he suffered from periodic grand mal seizures, which were controlled with medication. He was treated with human growth hormone because of short stature and hypotonia. He is currently being treated for renal tubular acidosis. The patient was diagnosed with OCD, which is well-controlled with escitalopram. LS200 is his typically developing older brother who was 22 years old when blood was provided to generate iPS cells.

LS300 is a 19-year-old boy diagnosed in infancy. He was a full-term breach delivered by C-section to his 29-year-old mother. Routine AFP screening of maternal blood during pregnancy showed elevated levels, which was confirmed by amniocentesis. He was born with severe hypotonia and bilateral cataracts, which were removed at 4 months. He contracted whooping cough only 2 weeks after birth. LS was diagnosed by analyzing skin fibroblasts for OCRL enzyme activity (results not available). There was a delay in major milestones. He walked at 2.5 years and spoke words at age 3. There was an episode of seizures at age 18, perhaps precipitated by a febrile illness, but subsequently, he has been free of seizure activity without medication. The patient has renal tubular acidosis, scoliosis and hypotonia, and is being treated with escitalopram for OCD and anxiety. LS400 is his typically developing older brother who was 21 years old when he provided blood for iPS cell development.

LS500 is a 9-year-old boy who was delivered vaginally at full term. His mother was 36-years-old. Cataracts were observed at birth, along with hypotonia. Cataracts were removed at 4 weeks, and a diagnosis of LS was made at \~ 8 weeks based on clinical features, which was confirmed by DNA analysis. The child walked at 3.5 years and began to talk at around the same time. There is no history of epilepsy. Renal tubular acidosis, hypotonia, and glaucoma are the primary persistent features. He is being educated in a regular public school with additional support and is able to read two grade levels below his chronological age. Cognitive function was assessed at age 8 using the Wechsler Intelligence Scale for Children---Fifth Edition (WISCV), which provides composite scores that represent intellectual functioning in specified cognitive domains (i.e., verbal comprehension, visual spatial, fluid reasoning, working memory, and processing speed). Each domain was below the fifth percentile, and the full-scale IQ (FSIQ) composite score was 65 (first percentile). LS600 is his typically developing older brother (age 13. iPS cells were also generated from another typically developing male siblihg (age 16), which has not yet been analyzed).

Analysis of patient-specific mutations {#Sec15}
--------------------------------------

To identify the LS-causing mutations, DNA was sequenced at each OCRL exon and intron-exon junction by GeneDx (Gaithersburg, MD); disease-causing mutations were found in all three patient samples, which were confirmed and characterized in our lab. LS100 was found to have a G\>T transversion at the canonical "AG" splice acceptor site in intron 23, one base pair upstream from cDNA position 2582 (c.2582-1 G\>T). LS300 was found to have a canonical splice acceptor mutation in intron 22, an A\>G transition two bases upstream from cDNA position 2470 (c.2470-2 A\>G) (Fig. [1](#Fig1){ref-type="fig"}a). Finally, LS500 was found to have a "C" deletion in exon 20 at codon 727 (ChrX:128721069 \[hg19\]), which is cDNA position 2179 (2179delC). This leads to a predicted frame shift and a premature termination signal after 80 codons.Fig. 1DNA and cDNA sequencing. **a** Genomic DNA sequences showing mutations in the CRISPR-engineered knockout line (690KO) and the LS samples (LS100, LS300, and LS500) along with controls. The arrows point to the mutations. **b** The LS100 splice acceptor mutation predicts the loss of the natural splice site at the intron 23/exon 24 border, as well as a cryptic splice site 16 bases into exon 24. **c** cDNA sequencing showing normal exon 22/23 and exon 23/24 combinations in controls, and aberrant splicing in LS300, which leads to the exclusion of exon 23, thereby connecting exon 22 to 24; and the cryptic splice in LS100, as predicted in panel **b**

In order to understand how the LS100 and LS300 canonical splice acceptor mutations influence splicing, we sequenced cDNA using primers in the exons flanking the mutations. As seen in Fig. [1](#Fig1){ref-type="fig"}c, the control sample shows the expected connection between exons 22 and 23. By contrast, cDNA sequencing of LS300 shows that exon 22 is joined to exon 24; exon 23 is completely bypassed. The loss of exon 23 disrupts the reading frame in exon 24 and leads to the predicted loss of 78 amino acids in the C-terminal end, which contains the RhoGAP domain. Since the cDNA sequence strip shows no evidence of a mixture of mutant and normal splice variants, which would manifest as superimposed, out of frame bases and a chaotic sequencing strip following the frameshift, the c.2470-2 A\>G splice site mutation results in the complete absence of normal splicing at exon 23.

The LS100 splice acceptor mutation is interesting. The mutation predicts that the intron 23/exon 24 splice acceptor site will not be recognized (AG/CT\>AT/CT). In addition, the first 16 bases of exon 24 resembles a splice acceptor site (CTACTCTCTTCACTAG/TC), with an "AG" preceded by a putative polypyrimidine tract, which suggests that a cryptic slice site might be generated if the natural intron 23/exon24 slice site is bypassed (Fig. [1](#Fig1){ref-type="fig"}b). Indeed, as seen in Fig. [1](#Fig1){ref-type="fig"}c, the normal joining of exons 23 and 24 seen in the cDNA sequence of the control sample does not occur, and the predicted cryptic splice site in exon 24 is observed. This leads to the loss of 16 bases from the mRNA and a frame shift resulting in the addition of three novel amino acids followed by a premature termination codon, and the loss of 41 amino acids from the OCRL C-terminal end.

Finally, we engineered an *OCRL* null allele using CRISPR-Cas9 gene editing, targeting exon 6 (see "[Methods](#Sec2){ref-type="sec"}"). This resulted in several lines, which contained in-frame deletions that have not been further characterized. One line with a null variant was recovered, 690KO, which contains an "A" nucleotide insert at codon 137 in exon 6 (position chrX:128691900 \[hg19\]; cDNA position 413) (Fig. [1](#Fig1){ref-type="fig"}a) that results in a predicted frame shift leading to premature termination after one codon.

Western blotting was carried out to examine OCRL protein and to establish that the 690KO frameshift mutation resulted in the loss of OCRL protein expression. As seen in Fig. [2](#Fig2){ref-type="fig"}, no protein was detected in NPCs derived from the KO line, whereas it is expressed in the isogenic control parent line. OCRL protein is detected in the patient-derived LS samples. Although the mutant OCRL proteins are predicted to be somewhat smaller than the normal protein, the difference is not sufficient to be resolved on a 12% polyacrylamide for a protein as large as OCRL (104 kDa).Fig. 2Western blot showing OCRL and GAPDH proteins in NPCs. GAPDH was used as a loading control

OCRL expression in NPCs and early differentiating neurons {#Sec16}
---------------------------------------------------------

Immunocytochemistry (ICC) was used to assess the intracellular OCRL expression pattern in early differentiating neurons derived from iPS cells. As seen in Fig. [3](#Fig3){ref-type="fig"}, there is an asymmetric pattern of OCRL immunoreactivity in control samples (LS200 and LS400) in early differentiating neurons (day 14 after differentiation). A diffuse, low-level expression pattern is seen throughout the soma, along with a hyper-dense staining pattern occurring primarily at the junction between the soma and projections. The asymmetric pattern of expression suggests that OCRL may be involved in neuronal polarization and/or neurite outgrowth. It is interesting to note in this regard that depletion of OCRL in epithelial cells results in a failure to polarize apical markers \[[@CR45]\].Fig. 3**a**. OCRL and APPL-1 immunocytochemistry showing hyper-dense localization in control neuronal samples (LS200 and LS400) (arrows) compared with patient samples (LS100 and LS300). Neuronal differentiation was carried out once for each sample. All images were captured with the × 63 objective. A 10-μm bar is shown as a reference size marker. **b**. The immunofluorescent signals were quantified for the same area at a total of 66 soma/axon junctions for OCRL and 90 for APPL1. Differences in signal intensity were assessed between the LS samples vs their corresponding sibling controls and analyzed using a Student's *t* test. One asterisk denotes a two-tailed *p* value of \< 0.05; two asterisks indicate a *p* value of \< 0.01 (actual values are OCRL: LS100 vs LS200 \[1.35E-05\]; LS300 vs LS400 \[8.03E-04\]. APPL1: LS100 vs LS200 \[3.91E-05; LS300 vs LS400 \[1.84E-02\]). The error bars show the standard error of the mean

In addition, a punctate pattern is detected in neuronal projections suggesting that OCRL could be involved in the axonal transport system that shuttles endosomes and other cargo to and from the soma and presynaptic terminal, a hypothesis that is currently under investigation.

By contrast, in patient samples (LS100 and LS300), OCRL immunoreactivity is more sparse compared with controls at the hyper-dense regions. We quantified the OCRL signal at multiple soma/axon junctions in two LS samples and their sibling controls. As seen in Fig. [3](#Fig3){ref-type="fig"}a, some soma/axon junctions in the control samples show intense OCRL immunoreactivity; most are more modest. Overall, there was a statistically significant 41% decrease in OCRL immunoreactivity at soma/axon junctions in LS100 compared with LS200 (Student's *t* test, *p* value = 1.35E−05) and a 23% decrease in LS300 vs LS400 (*p* value = 8.03E−04) (Fig. [3](#Fig3){ref-type="fig"}b). The immunofluorescent signals were quantified for the same area at a total of 66 soma/axon junctions for OCRL and 90 for APPL1 in a single neuronal induction for each set.

As noted above, *OCRL* mutations affecting the ASH-RhoGAP domain have been found to attenuate the interaction between OCRL and the endosome adaptor protein APPL1 in Cos-7 cells \[[@CR7]\]. As seen in the control samples, APPL1 has a diffuse staining pattern similar to OCRL and accumulates in the hyper-dense regions of OCRL immunoreactivity. Furthermore, similar to OCRL, the expression level is lower in those regions in the LS samples. Overall, a statistically significant \~ 19% decrease was seen in LS100 and a \~ 15% decrease in LS300 compared to their controls (*p* value = 3.91E−05; *p* value = 1.84E−02, respectively. The pattern appears to be somewhat different from the findings described by McCrea et al. \[[@CR7]\] in Cos-7 cells. In that study, APPL1-positive/OCRL-negative puncta were seen in some regions, consistent with the idea that APPL1 recruits OCRL to those areas. If the same mechanism was occurring in the hyper-dense regions, one would expect APPL1 accumulation in those regions to be the same in control and LS neurons. Our observation is more consistent with the idea that OCRL is drawn to these regions in an APPL1-independent manner, after which APPL1 is being recruited.

F-actin and WAVE-1 expression is altered in LS neuronal cells {#Sec17}
-------------------------------------------------------------

OCRL is an important regulator of actin remodeling and cytoskeletal dynamics. In kidney cell lines, OCRL deficiency leads to the accumulation of PI(4,5)P2 in early endosomes, which induces N-WASP (Wiskott-Aldrich syndrome protein)-dependent increases in endosomal F-actin \[[@CR6]\] and an increase in actin comets in endosomes \[[@CR46]\], perhaps due to the presence of PI(4,5)P2 on intercellular bridges, which would lead to an increase in actin polymerization. However, in fibroblasts from patients with LS and Dent-2 disease, a decrease in actin stress fibers in fibroblasts has been observed \[[@CR47], [@CR48]\].

As seen in Fig. [4](#Fig4){ref-type="fig"}a, the NPCs from controls show a dense F-actin staining pattern with prominent fibers outlining the cytoskeleton. By contrast, the LS NPCs have a more diffuse pattern and an apparent decrease in signal intensity. This staining pattern was observed in duplicate NPC samples.Fig. 4Immunocytochemistry showing F-actin expression in NPCs. **a**. F-actin staining pattern in control NPCs (LS200, LS400, and LS600) nicely outlines the cytoskeleton, while the expression pattern in the patient samples (LS100, LS300, and LS500) is amorphous. Cytoskeletal outline is seen in both 690C and 690KO NPCs. F-actin staining pattern observed in duplicate samples. **b**. F-actin expression by quantitative immunocytochemistry. Asterisk indicates *p* \< 0.05 using Student's *t* test, two-tailed. Error bars are standard deviations

Quantitative ICC showed a significant, several-fold decrease in F-actin immunoreactivity (Fig. [4](#Fig4){ref-type="fig"}b). We also analyzed the F-actin expression pattern in the CRISPR/Cas9 engineered line (690KO) line, along with its isogenic control (690C). Interestingly, the F-actin staining pattern in control and KO NPCs is quite similar to each other; both show dense fibers, and no differences were detected between the two following quantitative ICC (Fig. [4](#Fig4){ref-type="fig"}b).

The findings suggest that the abnormal expression pattern seen in the LS samples, which express hypomorphic *OCRL* variants, is not recapitulated in *OCRL* null NPCs.

A key regulator of actin polymerization is the WAVE regulatory complex (WRC), which initiates F-actin nucleation through an interaction with the Arp2/3 complex \[[@CR49]--[@CR52]\]. One of the components of WRC is the Wiskott-Aldrich syndrome protein that includes several family members, one of which, WAVE-1, is expressed at high levels in the brain compared to other cells/tissue \[[@CR53]\]. Consequently, we analyzed WAVE-1 by ICC. As seen in Fig. [5](#Fig5){ref-type="fig"}a, there is a marked difference in the pattern of WAVE-1 immunoreactivity in LS and control NPCs. In the control samples, the WAVE-1 expression pattern is similar to the F-actin pattern, with a robust, dense expression pattern. However, in the LS samples, this is not seen. Instead, there is a more disorganized expression pattern with large, patchy accumulations of WAVE-1. This was observed in duplicate NPC samples.Fig. 5**a**. Immunocytochemistry showing WAVE-1 expression pattern in NPCs. The control samples (LS200, 400 and 600; 690C) show a robust staining pattern with localization to the cytoskeleton. In the patient samples (LS100, 300 and 500), expression is patchy and large inclusions are seen. Inclusions are not seen in the 690KO line. The WAVE-1 inclusions were observed in duplicate NPC samples. **b**. WAVE-1 expression by quantitative immunocytochemistry. Differences between control and patient samples were not statistically significant using Student's *t* test, two-tailed. Error bars are standard deviations

Quantitative ICC was used to quantify the WAVE-1 signal. No differences in the sibling sets were detected (Fig. [5](#Fig5){ref-type="fig"}b). Thus, the observed differences in WAVE-1 expression are qualitative rather than quantitative.

We also analyzed the WAVE-1 expression pattern in 690KO and 690C NPCs. Interestingly, similar to the F-actin findings, 690 and 690C NPCs show the same, robust WAVE-1 staining pattern similar to the control NPCs (LS200, LS400, LS600); the patchy inclusions seen in the LS samples are not observed in 690KO NPCs. This supports the idea that hypomorphic *OCRL* variants have a phenotype in NPCs that is not recapitulated in *OCRL* null NPCs. The F-actin and WAVE-1 findings were observed in replicate NPC samples.

WAVE-1 was also analyzed by Western blotting (WB); a marked difference was seen in the LS samples compared to controls (Fig. [6](#Fig6){ref-type="fig"}). In the control samples, a single band was observed at \~ 75 kDa in both. However, in the two LS neuronal samples, two lower molecular weight bands were detected. The nature of these bands is not known at this time, but we speculate that they represent WAVE-1 breakdown products. Similar to the findings shown in Fig. [5](#Fig5){ref-type="fig"}, there was no quantitative difference in WAVE-1 expression between the control and patient samples.Fig. 6WAVE-1 Western blot. Total cellular protein lysates from neurons derived from patient lines (LS100 and LS300), along with controls and the 690KO line. GAPDH was used as a loading control. The predicted WAVE-1 protein band at \~ 75 kDa is seen in all samples. However, two low molecular weight bands are seen in the LS100 and LS300 samples, which are not seen in controls. One of these bands is barely visible in the 690KO sample. WAVE-1 quantification

By contrast, the 690 KO line resembled the control samples and only showed a weak signal corresponding to the presumed degradation product. Thus, similar to the ICC analysis, WAVE-1 expression in the 690KO line resembles controls rather than the LS samples.

Overall, the F-actin and WAVE-1 findings suggest that similar to the mouse *Ocrl* KO, the complete absence of OCRL protein may be less detrimental than expressing a hypomorphic protein (see "[Discussion](#Sec19){ref-type="sec"}").

PI(4,5)P2 expression is increased in OCRL-deficient NPCs {#Sec18}
--------------------------------------------------------

Since PI(4,5)P2 activates WRC and is a major OCRL substrate, we measured its relative level of expression by quantitative ICC by normalizing its expression in NPCs against a nuclear marker. As seen in Fig. [7](#Fig7){ref-type="fig"}, there was a statistically significant, \~ 25% increase in PI(4,5)P2 levels in the patient samples compared with their unaffected siblings, as one would predict in OCRL-deficient cells. A significant increase was also seen in the KO line compared to its control. Thus, unlike the WAVE-1 findings, which are seen in the LS samples but not in 690KO, the increase in PI(4,5)P2 is similar in all OCRL-deficient NPCs and neurons. Between 88 and 128 cells were quantified for each sample in a single neuronal/NPC induction.Fig. 7PIP2 levels in neuronal cells by quantitative ICC. The relative level of PIP2 was normalized against a nuclear marker. The LS100/LS200 set was carried out on NPCs, while the analysis of the LS300/LS400 and 690KO/690C sets were carried out on day 14 neurons. The asterisk denotes statistical significance using the Student's *t* test, two-tailed: LS100 and LS200; *p* = 0.025, LS300 and LS400; *p* = 0.003, 690C and 690KO; *p* = 0.0001. Error bars are standard deviations. A single NPC or neuronal induction was carried out for each set, with between 88 and 128 cells quantified for each

The finding supports the hypothesis that in the complete absence of OCRL, some cellular and molecular phenotypes can be rescued, but others are not. This is consistent with the clinical manifestations of some Dent-2 patients who have null mutations in the 5′ end of the gene who do have renal disease, but not neurodevelopmental problems. The findings in the patient samples also suggest that in neuronal cells, there is an inverse relationship between PI(4,5)P2 and F-actin/WAVE-1 dynamics, which is opposite the findings in kidney cell lines \[[@CR6], [@CR7]\], but similar to findings in fibroblasts from LS patients \[[@CR47], [@CR48]\].

Discussion {#Sec19}
==========

We have developed an iPS cell model for Lowe syndrome, which provides an opportunity to grow patient-specific neurons in vitro. Based on studies carried out on non-neuronal cells over the years, OCRL deficiency causes deficits in endosome recycling and transport, and endosomal actin dynamics. In this initial report, we were particularly interested in determining whether LS mutations affect F-actin polymerization in neuronal cells since this is a key regulator of neuronal migration, neurite outgrowth, dendritic spine formation and NMDA and AMPA receptor recycling, and defects in these phenomena have been found in many different genetic subgroups of SZ, ASD, and intellectual and developmental disabilities (IDD) \[[@CR54]--[@CR64]\]. Most studies show a decrease or disruption of F-actin expression, similar to our findings in LS neuronal cells. However, an increase in F-actin polymerization has been found in Fragile X \[[@CR65]\]. Thus, altered F-actin dynamics---either increases or decreases in expression and structure---can lead to neurodevelopmental problems.

In the lines derived from LS patients, we found abnormalities in the expression of F-actin and WAVE-1 in neuronal cells. A decrease in the cytoskeletal organization of both was found. This is different from the effects of OCRL deficiency in other cell types where an increase in endosomal F-actin has been observed \[[@CR6], [@CR7]\]. This effect is likely due to an increase in endosomal PI(4,5)P2, which induces F-actin recruitment through the activation of N-WASP \[[@CR6], [@CR66]\]. However, in fibroblasts from patients with OCRL and Dent-2 disease, a decrease in actin stress fibers has been observed \[[@CR47], [@CR48]\]. This effect was not correlated with PI(4,5)P2 levels, similar to our findings, which show an inverse relationship between F-actin and PI(4,5)P2 in LS neuronal cells.

The disorganized expression of WAVE-1 was characterized by the formation of large inclusions, the cause of which is currently under investigation. One possibility being explored is the involvement of the autophagy-lysosome pathway. Recently, De Leo et al. showed that OCRL regulates autophagosome-lysosome fusion in HK-2 cells \[[@CR67]\].

WAVE-1 is one of five proteins that constitute the WRC in neuronal cells, which include CYFIP1, ABI2, Nap1, and HSPC300 (BRK1) or their orthologs \[[@CR68]--[@CR70]\]. Consistent with the association between defective F-actin polymerization and neurodevelopmental disorders, several genes coding for WRC components have also been implicated in these disorders. For example, CYFIP1, which is an FMR1 interacting protein 1, plays a role in synaptic function and appears to be the gene responsible for 15q11.2-related neurodevelopmental disorders \[[@CR56], [@CR60], [@CR69], [@CR71], [@CR72]\]. Further, shRNA-mediated knockdown (KD) of CYFIP1 leads to a significant decrease in WAVE-1 and F-actin expression in NPCs derived from iPS cells \[[@CR56]\].

In addition, rare variants in *ABI2* have been found in an exome sequencing study in consanguineous families with intellectual disabilities \[[@CR73]\]. Also, *NCKAP1*, which codes for a WAVE-1 regulatory protein, has been identified as a strong candidate gene for ASD and IDD \[[@CR74], [@CR75]\].

The disconnect we observe between PI(4,5)P2 expression with F-actin and WAVE-1 organization suggests that another aspect of OCRL deficiency, aside from its effect as a PI(4,5)P2 phosphatase, is responsible for the abnormalities we observed. An effect on Rac1, a Rho GTPase, is a possibility. Rac1 activates the WRC in the Arp2/3-mediated polymerization of actin \[[@CR76], [@CR77]\] (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Rac1 is an OCRL target; downregulation of OCRL has been found to cause aberrant activation of Rac1 in human chondrocytes \[[@CR78]\]. This is likely due to the loss of the GTPase activating domain, which is found in the C-terminal end of OCRL. A reduction in Rac1 GTPase activity could conceivably cause constitutive Rac1 activation because of a reduction in the conversion of GTP (which is bound to the active form of Rac1), to GDP (which leads to Rac1 inactivation). The mutations in LS100, LS300, and LS500 all disrupt the RhoGAP domain. On the other hand, in LS fibroblasts, OCRL deficiency causes a reduction in active Rac1 \[[@CR79]\], which would be consistent with the effect we observed on F-actin/WAVE-1 dynamics in LS neuronal cells. Clarifying the role of Rac1 in OCRL-deficient NPCs and neurons is currently under investigation.

It is important to note that Rac1 is dysregulated in certain neurodevelopmental disorders through an effect on synaptic plasticity and dendritic spines \[[@CR80]\]. In addition, Rac1 has been found to be upregulated in fragile X syndrome \[[@CR81], [@CR82]\], and rare genetic variants in Rac1 regulators have been found in ASD, BD and SZ \[[@CR57], [@CR83], [@CR84]\].

It is also interesting to note in the context of F-actin/WAVE-1 regulation that the expression of Arp2/3 complex subunits is significantly downregulated in the prefrontal cortex in SZ postmortem samples \[[@CR85]\], and that DISC1 regulates Rac1 activation in response to NMDA receptor stimulation \[[@CR62]\].

In summary, our findings suggest that LS, an extremely rare condition, is part of a larger functional subgroup of neurodevelopmental disorders that are caused by mutations that disrupt F-actin/WAVE-1 dynamics. How this disruption affects LS NPC and neuronal function is currently under investigation.

Considering the widespread effects of F-actin polymerization, altered neuronal migration, neurite branching and outgrowth, and dendritic spine formation and function are possible; this too is currently under investigation. However, it is also important to note that non-neuronal cells in the brain---specifically microglia and astrocytes---also require intact F-actin dynamics in their maintenance of synaptic function, which are accomplished by F-actin-dependent processes (e.g., migration and phagocytosis). The effect of abnormal F-actin formation on these cell types in LS and other genetic subgroups of neurodevelopmental disorders can now be studied in vitro using newly defined methods for converting iPS cells into functional astrocytes and microglia \[[@CR86]--[@CR88]\].

Finally, our preliminary findings show some differences between LS neuronal cells and those derived from an *OCRL* KO line we generated using CRISPR-Cas9. This is similar to the absence of an observable phenotype in the mouse *Ocrl* KO model, which has been attributed to rescue by the *OCRL* paralog, *INPP5B* \[[@CR20]\]. It is also similar to the absence of a severe neurodevelopmental phenotype in a few patients with Dent-2 disease who have apparent null variants in the 5′ end of *OCRL* \[[@CR14]\]. Although additional *OCRL* KO iPS cell lines are currently being generated to confirm our findings, our preliminary observations suggest that hypomorphic variants that produce dysfunctional OCRL proteins may cause more dramatic molecular and cellular alterations than those occurring in the complete absence of OCRL protein, perhaps by competitive inhibition at critical binding sites between dysfunctional OCRL proteins and INPP5B or another compensatory pathway. Whether our findings in KO neuronal cells extend to other cell types relevant to LS pathogenesis, such as renal tubules, remains to be seen. However, the finding that neurodevelopmental problems occur in some patients with OCRL deletions and null variants suggests that compensatory rescue in humans is not universal, owing perhaps to genetic background or polymorphic variation in *INPP5B.* Nevertheless, if our findings are replicated, it would suggest that in some individuals, completely blocking mutant OCRL protein might, paradoxically, have a positive therapeutic effect. The findings also suggest that a more effective approach for generating a mouse LS model would be to "knock in" a hypomorphic variant.

Conclusion {#Sec20}
==========

We have established an iPS cell model for Lowe syndrome, a rare X-linked disorders caused by loss of function mutations in *OCRL*, which codes for inositol polyphosphate 5-phosphatase, a regulator of endosome recycling and actin dynamics. In neuronal cells derived from patient-specific iPS cells, abnormalities were found in the formation of F-actin and WAVE-1, a component of the wave regulatory complex. This property is shared with other ASD and IDD candidate genes. Thus, Lowe syndrome, a rare cause of IDD, is part of a larger subgroup of patients who have a common underlying pathogenic process.

Additional file
===============

 {#Sec21}

Additional file 1:**Figure S1.** WAVE-1 regulatory complex. Adapted from ref. 89. (TIF 89 kb)
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